Mitochondrial homeostasis reflects a dynamic balance between membrane fission and fusion events thought essential for mitochondrial function. We report here that altered expression of the C. elegans BCL2 homolog CED-9 affects both mitochondrial fission and fusion. Although striated muscle cells lacking CED-9 have no alteration in mitochondrial size or ultrastructure, these cells appear more sensitive to mitochondrial fragmentation. By contrast, increased CED-9 expression in these cells produces highly interconnected mitochondria. This mitochondrial phenotype is partially suppressed by increased expression of the dynamin-related GTPase DRP-1, with suppression dependent on the BH3 binding pocket of CED-9. This suppression suggests that CED-9 directly regulates DRP-1, a model supported by our finding that CED-9 activates the GTPase activity of human DRP1. Thus, CED-9 is capable of regulating the mitochondrial fission-fusion cycle but is not essential for either fission or fusion.
Introduction
Bcl-2 proteins regulate apoptosis through a mechanism that is sensitive to their expression levels, which vary among Bcl-2 homologs and different tumor isolates (Findley et al., 1997; Krajewska et al., 1996; Martin et al., 2001; Oltvai et al., 1993; Reed, 2008; Reed et al., 1991) . Indeed, Bcl-2 expression levels are thought to accelerate or delay the progression of many diseases including cancer and neurodegenerative diseases (Adams and Cory, 2007; Ay et al., 2001; Kostic et al., 1997; Merry and Korsmeyer, 1997; Thompson, 1995) . Although the effects of different expression levels has been intensively studied with respect to apoptosis, their impact on other cellular processes are only beginning to be elucidated. One such process is mitochondrial homeostasis, where increased or decreased expression affects mitochondrial morphology, resulting in either fragmented or interconnected mitochondria (Brooks et al., 2007; Delivani et al., 2006; Frank et al., 2001; Jagasia et al., 2005; Karbowski et al., 2006; Li et al., 2008) .
Alterations in mitochondrial morphology can impact mitochondrial function and can perturb various signaling pathways (Detmer and Chan, 2007; McBride et al., 2006) . A dramatic example of the correlation between mitochondrial morphology and function occurs during apoptosis, where mitochondrial membranes remodel and fragment near the time that cytochrome c is released from the inner membrane space (Martinou and Youle, 2006) . Indeed, perturbation of the mitochondrial fission and fusion machinery affects apoptosis efficiency (Cassidy-Stone et al., 2008; Estaquier and Arnoult, 2007; Fannjiang et al., 2004; Frank et al., 2001; Jagasia et al., 2005; James et al., 2003; Lee et al., 2004; Parone et al., 2006; Sugioka et al., 2004) . Conversely, perturbation of Bcl-2 proteins that regulate apoptosis has been found to alter mitochondrial homeostasis (Brooks et al., 2007; Delivani et al., 2006; Karbowski et al., 2006; Li et al., 2008) . Intriguingly, the Bcl-2 protein BAX, the mitochondrial fission protein DRP1 (DNML1), and the mitochondrial fusion protein MFN2 cluster at foci on mitochondrial surfaces, further suggesting connections between mitochondrial homeostasis and Bcl-2 proteins (Karbowski et al., 2002) . This connection may occur by Bcl-2 proteins regulating one or more of the large GTPases involved in mitochondrial fission and fusion. The large GTPases involved in mitochondrial fusion are known as mitofusins: FZO-1 in yeast and C. elegans, MFN1 and MFN2 in mammals (Detmer and Chan, 2007) . MFN2 constitutively localizes at mitochondrial outer membranes in two populations that are influenced by the Bcl-2 proteins BAX and BAK (Karbowski et al., 2002; Karbowski et al., 2006) . Strikingly, mitochondria in cells lacking both BAX and BAK are highly fragmented compared with wild-type cells (Karbowski et al., 2006) . This mitochondrial fragmentation is reversed upon increased expression of the mitofusin protein MFN2, consistent with a model whereby the observed mitochondrial defects arise from insufficient mitochondrial fusion. As MFN2 appears mislocalized and does not form higher order structures in the absence of BAX and BAK, these results suggest that Bcl-2 proteins are important for MFN2 activity, and may in turn regulate mitochondrial homeostasis by affecting fusion. Supporting this idea are studies in which either increased BCL-XL (BCL2L1) or CED-9 expression results in interconnected mitochondria in HeLa cells (Delivani et al., 2006) . Though these findings and others suggest a tight interplay between Bcl-2 proteins, mitofusins and mitochondrial fusion (Brooks et al., 2007; Delivani et al., 2006; Karbowski et al., 2006) , other mechanisms exist such as direct interactions between Bcl-2 proteins and membranes (Leber et al., 2007; Thuduppathy et al., 2006a; Thuduppathy et al., 2006b ).
In addition to regulating mitochondrial fusion, Bcl-2 proteins have also been implicated in regulating the large GTPase involved in mitochondrial fission, the dynamin-related protein Drp1. Upon recruitment to sites of future fission, this large GTPase is proposed to polymerize around mitochondria and promote fission (Ingerman et al., 2005; Smirnova et al., 2001 ). This fission process can be activated by BAX in a DRP1-dependent manner (Frank et al., 2001 ). Thus, BAX-induced mitochondrial fission appears to depend upon DRP1. Whether DRP1 itself requires Bcl-2 proteins for fission has been difficult to ascertain, due partly to the presence of multiple mammalian Bcl-2 homologs. This difficulty is underscored by a recent study suggesting that BCL-XL also promotes fission by increasing the GTPase activity of DRP1 (Li et al., 2008) .
In C. elegans, mitochondrial fission induced by DRP-1 expression in embryos appears to require CED-9, the only Bcl-2 homolog identified to date (Jagasia et al., 2005) . We report here that DRP-1-induced fission can occur in the absence of CED-9 activity in differentiated body wall muscle. Despite the lack of a CED-9 requirement for either mitochondrial fission or fusion in body wall muscle, we find that altered CED-9 expression can affect both processes.
Results
Mitochondria in animals carrying ced-9 loss-of-function or gain-of-function mutations appear similar to mitochondria in wild-type animals
To investigate the effects of altered CED-9 expression on C. elegans mitochondrial homeostasis, we examined mitochondrial morphology in the body wall muscle of young adult animals. These muscle cells abut the outer body surface and are relatively large and flat, making it possible to evaluate mitochondria size, shape and distribution (Labrousse et al., 1999) . We created multiple independent transgenic lines, each expressing GFP targeted to the mitochondrial matrix (mitoGFP). These lines express mitoGFP using a copy of the myo-3 promoter, which drives expression in striated body wall muscle cells. In muscle cells from wild-type ced-9(+) adult animals, we generally observed tubular mitochondria that were thin, elongated tubules, arranged in roughly parallel rows (Fig.  1A) . There was some degree of cell to cell variability, which when quantified was found to be about 25% of the muscle cells that had shorter or fragmented mitochondria (Fig. 2G ). This variability was higher in older animals (data not shown), and may be related to stress, as previously observed (Labrousse et al., 1999) .
To test whether loss of CED-9 expression alters mitochondrial homeostasis, we first examined mitochondrial morphology in ced-9(n2812lf); ced-3(n717lf) animals. We chose these animals, which lack the CED-3 caspase required for almost all apoptosis (Hengartner and Horvitz, 1994b) , because loss-of-function ced-9(n2812lf) is lethal due to excessive ectopic apoptosis (Hengartner et al., 1992) . We expected to find fragmented mitochondria in these animals based on mammalian studies where mitochondria from BAX and BAK double knockout cells are fragmented (Karbowski et al., 2006) . However, muscle cells from ced-9(n2812lf); ced-3(n717lf) animals had mitochondria that were grossly similar to those in wild-type animals (Fig. 1B) . Similar results were obtained using the mitochondrial stain MitoTracker Red CMXRos (M-7512, Molecular Probes) when we examined cells from ced-9(n2812lf); ced-3(n717lf) animals, ced-3(n717lf) single-mutant animals, and maternally rescued ced-9(n1950n2161lf) animals harboring a different ced-9 mutant allele ( Fig. S1 in supplementary material) . Measurement of the mean mitochondrial length (see Materials and Methods) in cells with tubular mitochondrial morphology was also similar: ced-9(+) animals had a mean mitochondrial length of 1.62 μm (±0.24 μm; s.d.), while ced-9(n2812lf); ced-3(n717lf) animals had a mean mitochondrial length of 1.64 μm (±0.35 μm; Fig. 1D ). These results suggest that CED-9 is not essential for mitochondrial homeostasis in C. elegans muscle.
We also examined mitochondria in the gain-of-function mutant ced-9(n1950gf) that is deficient in apoptosis activation due to a point mutation in the BH3 binding pocket of CED-9 (Hengartner and Horvitz, 1994a) . We reasoned that if CED-9 is not essential for maintaining mitochondrial homeostasis, then this mutant allele should also show little effect on mitochondrial morphology. Indeed, the results were similar with a mean mitochondrial length of 1.66 μm (±0.27 μm; Fig. 1C,D) , although we note that the diameter of these mitochondria occasionally appeared slightly larger than those of the other genotypes.
Finally, we analyzed mitochondrial ultrastructure by transmission electron microscopy. This analysis did not reveal any gross mitochondrial abnormalities in either body wall muscle or hypodermis of wild-type, ced-9 loss-of-function and ced-9 gain-offunction animals (Fig. 1E) . These results extend previous reports of normal mitochondrial morphology in ced-9 mutant embryos (Jagasia et al., 2005) , suggesting that CED-9 is not essential for maintaining mitochondrial homeostasis in C. elegans.
Increased DRP-1 expression induces mitochondrial fragmentation in the absence of CED-9
Even though there were no gross defects in mitochondrial morphology in animals lacking CED-9, it is possible that loss of CED-9 expression primarily affects mitochondrial homeostasis under conditions not assayed in our steady-state experiments. One such condition has been reported in a study examining the role of the mitochondrial fission protein DRP-1: heat-shock expression of DRP-1 in embryos results in mitochondrial fragmentation, which is dependent upon the presence of wild-type CED-9 (Jagasia et al., 2005) . We asked whether CED-9 is also required for DRP-1-induced fragmentation of mitochondria in body wall muscle cells by increasing DRP-1 expression in ced-9(+) animals using the myo-3 promoter. Consistent with previous results (Labrousse et al., 1999) , increased DRP-1 expression in animals with wild-type CED-9 activity increased the proportion of cells with fragmented mitochondria that were small and vesicular (Fig. 2B,I ). When we increased DRP-1 expression in animals lacking CED-9, the proportion of cells with fragmented mitochondria also increased, suggesting that DRP-1 does not always require CED-9 for mitochondrial fragmentation (Fig. 2E,I ). Similarly, increased DRP-1 expression in ced-9(n1950gf) animals increased the proportion of cells with fragmented mitochondria (Fig. 2H,I ). These results differ from previous results that suggested that CED-9 was required for DRP-1-induced fragmentation (Jagasia et al., 2005) . These differences may arise from either a differential sensitivity to mitochondrial fragmentation in the developmental stage or cell-type examined (embryonic cells versus adult muscle cells), or the length and degree of expression (heat-shock versus myo-3 promoter).
Interestingly, increased DRP-1 expression resulted in a higher proportion of cells with fragmented mitochondria in animals lacking CED-9 when compared to animals with wild-type CED-9 (0.84 versus 0.66, z=2.42, P<0.05, Fig. 2I ). This difference suggests that CED-9 may be present and has an active role in adult muscle cells. This increased fragmentation could either indicate increased fission or decreased fusion in the absence of CED-9. Increased fission would be somewhat surprising given that the activity of DRP-1 was decreased, not increased, in embryos lacking CED-9 (Jagasia et al., 2005) . Similarly, human BCL-XL has recently been reported to increase human DRP1 GTPase activity (Li et al., 2008) . We also note that decreased mitochondrial fusion is observed in mammalian cells lacking BAX and BAK (Karbowski et al., 2006) .
Inhibiting mitochondrial fission with dominant negative DRP-1(K40A) results in interconnected mitochondria even in the absence of CED-9
These considerations prompted us to test whether altered CED-9 expression affects mitochondrial fusion. We first tested this indirectly by examining the effects of a dominant negative form of DRP-1 in the presence and absence of CED-9. This experiment was expected to produce interconnected mitochondria because of a lack of fission and unchecked fusion, unless mitochondrial fusion is impaired (Bleazard et al., 1999; Karbowski et al., 2006; Labrousse et al., 1999; Sesaki and Jensen, 1999; Smirnova et al., 2001) . Upon expression of dominant negative DRP-1(K40A) in the presence of CED-9, we observed two classes of cells with distinct mitochondria as expected from previous studies (Labrousse et al., 1999) . The first class of cells, approximately 76% (n=58), contained dilated segments of mitochondria that were spatially separated (Fig. 2C ). These mitochondrial structures have previously been reported as clumps of mitochondrial inner membrane-bound segments that have divided, but are still interconnected by thin tubules of mitochondrial outer membrane (Labrousse et al., 1999) . These thin tubules were visible in the second class of cells (24%), where spatially separated clumps of mitochondria were connected by thin tubules of mitochondrial inner membrane. Since all of the cells we observed had one of these two phenotypes, DRP-1(K40A) must significantly perturb mitochondrial homeostasis. Given the role of DRP-1 in the fission process, it seems most likely that this mutant protein blocks fission, allowing unchecked mitochondrial fusion to convert a tubular mitochondrial morphology into an interconnected mitochondrial morphology (Fig. 2J) .
We then tested the effects of dominant negative DRP-1(K40A) in the absence of CED-9. Upon expression of DRP-1(K40A) in ced-9(n2812lf); ced-3(n717lf) animals, we found that all cells contained partially interconnected, dilated mitochondria (Fig. 2F, J) . Approximately 31% of these cells (n=96) contained mitochondrial segments connected by thin tubules. This finding suggests that mitochondrial fusion is still able to proceed in the absence of CED-9. Although subtle fusion defects may not be detectable in this assay, our conclusion is consistent with the generally tubular mitochondria and normal mitochondrial ultrastructure found in muscle cells from ced-9(n2812lf); ced-3(n717lf) animals ( Fig. 1) . A further understanding of the role for CED-9 in mitochondrial fusion may benefit from direct analysis of fusion rates (Berman et al., 2008) .
Increased CED-9 expression alters mitochondrial morphology in muscle cells
A complementary approach to testing Bcl-2 function in mitochondrial homeostasis is through expression studies: increased BCL-XL or CED-9 expression in HeLa cells results in highly interconnected mitochondria (Delivani et al., 2006) . This phenotype has been attributed to excess fusion, in part because both BCL-XL and CED-9 are thought to interact with and activate the mitofusin Mfn-2. For these reasons, we asked whether increased CED-9 expression had a similar effect on C. elegans mitochondria. (A-C) Mitochondrial morphology in wild-type, loss-of-function ced-9(n2812lf); ced-3(n717lf) and gain-of-function ced-9(n1950sd) genetic backgrounds was examined by creating multiple independently generated transgenic lines that expressed GFP targeted to the mitochondrial matrix (mitoGFP). Wide-field epifluorescene images are of body wall muscle cells from young adult animals. n, nucleus. Bar, 10 μm. (D) The average mitochondrial length in a given muscle cell was estimated using ImageJ (see Materials and Methods), and plotted as an individual point [wild-type n=16, ced-9(n2812lf); ced-3(n717lf) n=19, ced-9(n1950gf) n=14] ; the mean value is indicated by a horizontal bar. (E) Mitochondrial ultrastructure in wild-type, ced-9(n2812lf); ced-3(n717lf) and ced-9(n1950sd) animals was examined in both body wall muscle and hypodermis by transmission electron microscopy. m, mitochondria. Bar, 500 nm.
Upon increased CED-9 expression in both ced-9(+) and ced-9(n2812lf); ced-3(n717lf) animals, mitochondria appeared dilated and often interconnected by thin tubular structures when visualized with either matrix GFP or GFP localized to mitochondrial outer membranes (Fig. 3B,F , and Fig. S1B in supplementary material) . This effect was dose dependent, as a lower proportion of cells possessed interconnected mitochondria in transgenic lines created using lower concentrations of the ced-9 expression construct (Table S1 in supplementary material). Further analysis of these animals by electron microscopy revealed clusters of mitochondria that sometimes formed multiple concentric layers (Fig. 3H) . We rule out the possibility that the effect of CED-9 on mitochondria is simply a consequence of targeting excess bulk protein to mitochondrial outer membranes, as mitochondria appeared normal when we expressed either TOM70::GFP alone (Fig. 3G) , or a CED-9 construct lacking a core structural helix (Fig. 3D) , both Journal of Cell Science 121 (20) (A-F) Wild-type and dominant negative forms of DRP-1 were expressed using a myo-3 promoter in wild-type ced-9(+) and ced-9(n2812lf); ced-3(n717lf) animals. Similar mitochondrial morphologies were observed in both genetic backgrounds when body wall muscle cells were labeled with mitoGFP. n, nucleus. Bar, 10 μm. (G,H) Wild-type DRP-1 expressed using a myo-3 promoter in ced-9(n1950gf) animals resulted in a similar phenotype. (I) Increased DRP-1 expression induced mitochondrial fragmentation in wild-type, ced-9(n2812lf); ced-3(n717lf), and ced-9(n1950sd) backgrounds. Each point represents the proportion of cells with fragmented mitochondria from an independently generated transgenic line; the mean value is indicated by a horizontal bar, and error bars represent the standard error. The differences between wild-type and ced-9(n2812lf); ced-3(n717lf) backgrounds is significant, z=2.42, P<0.05; raw data is included as Table S1 in supplementary material. (J) Inactivating DRP-1 with dominant negative DRP-1(K40A) resulted in interconnected mitochondria in both wild-type and ced-9(n2812lf); ced-3(n717lf) backgrounds.
of which accumulate at mitochondrial outer membranes ( Fig. S2 in supplementary material) . Additionally, expression of a GFP construct containing the C-terminal transmembrane domain of CED-9 targets efficiently to mitochondrial outer membranes, yet does not alter mitochondrial morphology (Tan et al., 2007) .
This interconnected mitochondria phenotype presumably reflects excessive mitochondrial fusion due to either an increase in fusion or an inhibition of fission. Since Bcl-2 proteins are thought to activate mitofusins (Brooks et al., 2007; Delivani et al., 2006; Karbowski et al., 2006) , and interconnected mitochondria can result from an activation of mitofusins (Santel and Fuller, 2001) , we attempted to produce a similar phenotype by increasing the expression of the C. elegans mitofusin FZO-1. Interestingly, increased FZO-1 expression did not produce interconnected mitochondria in either ced-9(+) or ced-9(n2812lf); ced-3(n717lf) animals, instead producing a vesicular morphology distinct from that resulting from CED-9 or DRP-1(K40A) expression (Fig. S3A in supplementary  material) . This phenotype is consistent with increased MFN2 expression (Santel and Fuller, 2001) (Fig.  2C) . However, we note that DRP-1(K40A)-induced mitochondria are more rounded, and only a fraction of the cells possess thin tubules interconnecting various mitochondria. (C) Removing the N-terminal 67 residues of CED-9 did not abolish the ability of CED-9 to alter mitochondria. However, removing either (D) a core structural helix or (E) the C-terminal transmembrane domain prevented CED-9 from altering mitochondria. Increased CED-9 expression also altered mitochondrial outer membrane morphology as judged by mitochondria labeled with TOM70::GFP, a mitochondrial outer membrane tethered GFP (Labrousse et al., 1999) . (F) In otherwise wild-type animals, the mitochondria had a fairly stereotypical tubular morphology. (G) By contrast, transgenic animals with increased CED-9 expression displayed altered outer membrane morphologies. n, nucleus. Bar, 10 μm. (H) Mitochondrial morphology in the body wall muscle of adult animals with increased CED-9 expression was further examined by transmission electron microscopy. Two animals were found that possessed markedly distinct mitochondrial morphologies; shown are two cells from one of the animals. Bar, 500 nm. effect as our data suggests, then a dependence on CED-9 expression may be obscured.
The interconnected mitochondria phenotype produced upon increased CED-9 expression might also arise from an inhibition of fission by CED-9. If this were the case, we expect the morphology would be similar to the dominant negative DRP-1(K40A) phenotype discussed above. Although similarities exist, increased CED-9 expression produced less rounded, more elongated mitochondria than DRP-1(K40A; Fig. 2C and Fig. 3B ). More strikingly, increased CED-9 expression resulted in nearly all of the analyzable cells having thin tubules of mitochondrial inner membrane connecting various mitochondrial segments, as compared to 24% with DRP-1(K40A). We interpret these data to suggest a mechanism whereby increased CED-9 expression does not simply inhibit mitochondrial fission, but may instead increase fusion of both mitochondrial inner and outer membranes (Fig.  3B,F) .
To determine what structural features of CED-9 are required to alter mitochondria, we analyzed a number of mutant forms of CED-9. The ability of CED-9 to alter mitochondria does not require the N-terminal 67 residues, a feature not conserved among mammalian Bcl-2 homologs (Fig. 3C) . However, deletion of the sixth α-helix in CED-9, which forms the hydrophobic core of the protein and is required to regulate apoptosis (Tan et al., 2007) , does prevent CED-9 from altering mitochondria (Fig. 3D ) even though this construct is able to accumulate at mitochondria (Fig. S2 in  supplementary material) . As this construct is predicted to result in a misfolded structure, these findings suggest that targeting the CED-9 transmembrane domain to mitochondria is not sufficient to alter mitochondrial morphology, and that this alteration requires a folded Bcl-2 domain.
Mitochondria remained tubular after expression of CED-9 lacking the C-terminal transmembrane domain (Fig. 3D) , a construct previously shown not to accumulate at mitochondria (Tan et al., 2007) . These findings, and the decreased activity of several CED-9 constructs with point mutations in the Bcl-2 domain of CED-9 predicted to affect its ability to interact with mitochondrial membranes (Table S1 in supplementary material), suggests that the Bcl-2 domain of CED-9 requires direct contact with mitochondrial membranes to alter mitochondria. This requirement may reflect a close membrane interaction necessary for CED-9 modulation of mitochondrial fusion proteins such as the mitofusin FZO-1 (Delivani et al., 2006) . Intriguingly, this requirement may also reflect a direct remodeling of membranes by CED-9, which is capable of promoting vesicle fusion in vitro (F.J.T. and J. E. Zuckerman, unpublished).
Effects of CED-9 on mitochondria are partially suppressed by co-expressing DRP-1
To further characterize the interconnected mitochondria seen upon increased CED-9 expression, we tested whether or not the effects of CED-9 on mitochondria could be suppressed by concurrently increasing the expression of the wild-type form of the mitochondrial fission protein DRP-1. Such interconnected mitochondria can sometimes be converted to tubular or fragmented mitochondria by activating the mitochondrial fission machinery (James et al., 2003; Otsuga et al., 1998; Tieu et al., 2002; Yoon et al., 2003) .
When DRP-1 was co-expressed using a copy of the myo-3 promoter on the same transgene array as myo-3::ced-9, the interconnected mitochondrial phenotype was partially rescued, suggesting that CED-9-altered mitochondria are still structurally intact and responsive to remodeling by components of the mitochondrial fission machinery. We observed fragmented, tubular and interconnected morphologies that probably represent different degrees of DRP-1-mediated suppression of the CED-9 phenotype, and not lack of CED-9 expression (Fig. S4 in supplementary  material) . Our data cannot exclude that these morphologies represent CED-9 rescuing DRP-1-fragmented mitochondria. We conclude that the mitochondrial morphology in a given cell is probably the consequence of both the relative expression level between the two genes and the particular environmental conditions. Additionally, CED-9 and DRP-1 may directly regulate each other's activity, rather than primarily acting on mitochondria.
The ability of a protein to regulate the CED-9 effect on mitochondrial homeostasis has been previously shown when the pro-apoptotic BH3-only protein EGL-1 was co-expressed with CED-9 in HeLa cells, which resulted in fewer cells with interconnected mitochondria (Delivani et al., 2006) . As EGL-1 binds to the BH3 binding pocket of CED-9 and causes a structural rearrangement (Yan et al., 2004) , this result suggests that the effect of CED-9 on mitochondria may be regulated via interactions with the BH3 binding pocket of CED-9. To test whether co-expression of DRP-1 modulates CED-9 via interactions with the BH3 binding pocket, we first created a construct corresponding to the ced-9(n1950gf) allele. This allele encodes a mutation where glycine 169 in the BH3 binding pocket is replaced with glutamate ( Fig. 4C ) (Hengartner and Horvitz, 1994a) , which inhibits EGL-1 from binding and triggering a conformational change in CED-9 (del Peso et al., 2000; Yan et al., 2004) .
When CED-9(G169E) was expressed alone, we still observed interconnected mitochondria indistinguishable from wild-type CED-9 except for its penetrance (Fig. S1C in supplementary material) . In contrast to increased expression of wild-type CED-9, where most cells had interconnected mitochondria, CED-9(G169E) expression resulted in cell-to-cell and line-to-line variability where only a portion of the cells in any given animal contained interconnected mitochondria (Fig. 4D) . Analysis of these lines by western blot analysis using an α-CED-9 antibody indicated that a variable amount of protein was present in different CED-9(G169E) transgenic lines (Fig. S4 in supplementary material) , where even lines with low CED-9 protein abundance had a portion of interconnected mitochondria. We interpret these results to suggest that CED-9(G169E) retains most of the ability to alter mitochondrial homeostasis.
To further explore CED-9(G169E) and mitochondrial homeostasis, we tested whether the effect of CED-9(G169E) on mitochondria could still be suppressed by increasing DRP-1 expression. In transgenic animals expressing both CED-9(G169E) and DRP-1, the proportion of cells with interconnected mitochondria was higher (0.73) than in animals co-expressing wildtype CED-9 and DRP-1 (0.52; Fig. 4B,D) . The difference in proportions, which is significant (z=2.59, P<0.01), appears to result from a difference in CED-9 activity rather than differences in expression or protein levels (Fig. S4 in supplementary material) . This difference in the proportion of cells with interconnected mitochondria is consistent with the G169E mutation affecting an interaction between CED-9 and DRP-1, perhaps one that occurs via the BH3 binding pocket.
To test whether CED-9 is capable of interacting with DRP-1, we asked whether or not CED-9 affects the GTPase activity of human DRP1 (which is 59% identical to C. elegans DRP-1 at the amino acid level) using bacterially expressed, recombinant proteins. Using a continuous GTPase assay coupled to a regenerative system (Ingerman et al., 2005) , 2.5 μM human DRP1 alone hydrolyzed 221±17 μM (mean ± s.d.) GTP after 40 minutes (Fig. 4E,F) . In the presence of 12.5 μM CED-9, the same amount of human DRP1 hydrolyzed 296±23 μM GTP. This activation of human DRP1 by CED-9 is significant [t(4)=4.56, P<0.025], and appears specific as BSA did not alter the GTPase activity of DRP1. These findings suggest that CED-9 may regulate mitochondrial fission by directly modulating DRP-1. Similar tests with recombinant S. cerevisiae Dnm1 did not show a difference in the presence or absence of CED-9 (data not shown). Fig. 4 . CED-9-altered mitochondria can be partially suppressed by co-expression of DRP-1. (A) Co-expression of DRP-1 and CED-9 from the same transgene resulted in three classes of mitochondrial morphology: tubular, fragmented and interconnected (percentages represent the mean value of three independently generated transgenic lines; raw data is presented in C and Table S1 in supplementary material). These three phenotypes suggest that increased DRP-1 expression is able to partially suppress the effects of CED-9 on mitochondria, or vice-versa. n, nucleus. Bar, 10 μm. (B) Structure of CED-9 (yellow surface) bound to a portion of the BH3 containing protein EGL-1 (blue ribbon) (1TY4.pdb). In the gain-of-function ced-9(n1950sd) allele, glycine 169, which resides in the CED-9 BH3 binding pocket, is mutated to glutamate (G169E). This mutation has been reported to decrease EGL-1 binding to CED-9 (del Peso et al., 2000) . (C) Co-expression of DRP-1 and CED-9(G169E) from the same transgene also resulted in three classes of mitochondrial morphology. (D) Each point represents the proportion of cells with interconnected mitochondria from an independently generated transgenic line; the mean value is indicated by a horizontal bar, and error bars represent the standard error. No mean was calculated for the CED-9(G169E) construct because of the apparent bimodal distribution. This variation among lines expressing CED-9(G169E) was examined by western blot analysis (Fig. S4 in supplementary material) . The difference in proportions between co-expression of DRP-1 with CED-9 and co-expression of DRP-1 with CED-9(G169E) is significant, z=2.59, P<0.01. (E) The GTPase activity of 2.5 μM human DRP1 was assayed using a continuous assay coupled to a regenerative system. (F) The amount of GTP hydrolyzed by 2.5 μM human DRP1 with 12.5 μM CED-9 after 40 minutes (296±23 μM) was significantly higher than the amount of GTP hydrolyzed by 2.5 μM human DRP1 alone after 40 minutes (221±17 μM), t(4)=4.56, P<0.025.
Discussion
In summary, animals lacking CED-9 do not have gross mitochondrial defects (Fig. 1) . This finding in adult animals, along with studies in embryos (Jagasia et al., 2005) , suggests that either CED-9 does not regulate mitochondrial homeostasis, or that CED-9 plays a more complex role regulating fission and fusion under special circumstances such as stress or apoptosis. Support of a role for CED-9 in mitochondrial homeostasis comes from the finding that there is increased fragmentation upon increased DRP-1 expression in ced-9(n2812lf); ced-3(n717lf) animals (Fig. 2I) . This phenotype may arise from decreased mitochondrial fusion in the absence of CED-9. This hypothesis is supported by the finding that CED-9 interacts with human MFN2, a homolog of FZO-1 (Delivani et al., 2006) . Alternatively, this phenotype may arise from increased DRP-1 activity in the absence of CED-9, implying that CED-9 inhibits DRP-1, although our data (and that of others) do not support such inhibition (Fig. 4D,E) .
If CED-9 inhibits DRP-1, then we would expect that upon increased CED-9 expression interconnected mitochondria would appear similar to interconnected mitochondria upon dominant negative DRP-1(K40A) expression, which is not the case (Figs 2  and 3 ). We further tested whether CED-9 inhibits DRP-1 by coexpressing DRP-1 with either wild-type CED-9 or CED-9(G169E). If CED-9 did inhibit DRP-1 via the BH3 binding pocket of CED-9, then the G169E mutation would disrupt DRP-1 binding, causing less interconnected mitochondria; instead, we see more interconnected mitochondria (Fig. 4D) . These results suggest that interconnected mitochondria upon increased CED-9 expression do not result from decreased fission, but rather increased fusion. Furthermore, the ability of DRP-1 to better suppress wild-type CED-9 expression than CED-9(G169E) (Fig. 4D) suggests that either CED-9 activates DRP-1 activity, or DRP-1 inhibits a CED-9 fusogenic activity. The CED-9 activation of the GTPase activity of human DRP1 (Fig. 4E) is consistent with other studies suggesting that Bcl-2 proteins potentiate Drp-1 activity (Jagasia et al., 2005; Li et al., 2008) . However, these studies do not exclude the possibility that DRP-1 inhibits CED-9-induced mitochondrial fusion.
These observations extend previous reports on the role of CED-9 in mitochondrial homeostasis. Similar to previous experiments in HeLa cells (Delivani et al., 2006) , we found that increased CED-9 expression in C. elegans results in interconnected mitochondria (Fig. 3) . In earlier HeLa cell experiments, co-expression of EGL-1 suppressed this CED-9 fusogenic activity (Delivani et al., 2006) . In our C. elegans experiments, co-expression of DRP-1 also suppressed CED-9 fusogenic activity (Fig. 4) , but suppressed CED-9 (G169E) to a lesser extent, suggesting that the BH3 binding pocket may be a general point of regulation for CED-9 fusogenic activity. Furthermore, as increased CED-9 expression in ced-4(n1162lf) loss-of-function animals also resulted in interconnected mitochondria, this finding suggests that CED-4, which binds to a different interface on CED-9, may not play a major role in the mitochondrial homeostasis of adult C. elegans muscle (Table S1 in supplementary material).
In a previous study of C. elegans embryos, mitochondria appeared fragmented in animals harboring a temperature-sensitive ced-9(n1653ts) mutation (Delivani et al., 2006) . As this previous study examined embryos at a restrictive temperature in the context of functional CED-3, at least some of the cells are probably undergoing apoptosis, which might result in mitochondrial fragmentation (Jagasia et al., 2005) , and may explain the observed differences.
Previously, DRP-1 was found to be dependent upon CED-9 for mitochondrial fragmentation (Jagasia et al., 2005) , which at first glance appears to contradict the present study. Our data show that increased DRP-1 expression fragment mitochondria in animals that lack CED-9 (Fig. 2E) ; in addition, a higher proportion of cells contain fragmented mitochondria compared with animals that do express CED-9 (Fig. 2G) . However, the apparent contradiction may be resolved when considering that fragmented phenotypes can arise from inhibition of mitochondrial fusion as well as activation of fission. Thus, we interpret the differences between the studies to reflect decreased mitochondrial fusion in animals lacking CED-9, a decrease that is only unmasked when mitochondrial fission is sufficiently activated.
A model for Bcl-2 activity in mitochondrial homeostasis
Our data are consistent with current models in which Bcl-2 proteins potentiate both mitochondrial fusion and fission. For mitochondrial fusion, these models propose that Bcl-2 proteins activate mitofusins, such as FZO-1, resulting in interconnected mitochondria (Brooks et al., 2007; Delivani et al., 2006; Karbowski et al., 2006) . Our data further these models by indicating that in C. elegans, mitochondrial fusion does not strictly require CED-9 (Figs 1 and 2 ), but CED-9 may still potentiate FZO-1 activity under certain conditions. For mitochondrial fission, current models propose that Bcl-2 proteins activate dynamin-related GTPases, such as DRP-1, resulting in fragmented mitochondria (Frank et al., 2001; Li et al., 2008) . Our data further these models by indicating that in C. elegans, mitochondrial fission does not strictly require CED-9 (Figs 1, 2 and 4), but CED-9 may still potentiate DRP-1 activity under certain conditions. We note, however, that our data is also consistent with a model whereby DRP-1 inhibits a CED-9 activity that promotes mitochondrial fusion, which would provide a second mechanism causing mitochondrial fragmentation (Fig. 5) . The cellular signals that regulate whether Bcl-2 proteins, such as CED-9, activate mitochondrial fission or fusion processes remain to be identified.
The multifunctional nature of CED-9 suggests that Bcl-2 proteins may provide a point of regulation through which the amount of fission and fusion is tuned in response to cellular requirements. Accordingly, this study suggests that Bcl-2 proteins may provide a link between components of the mitochondrial fission and fusion machinery, and may provide insight into the effects of altered Bcl-2 expression such as are found in many human cancers.
Journal of Cell Science 121 (20) Fig. 5 . A model for CED-9 function in mitochondrial homeostasis. In C. elegans, CED-9 does not appear to be essential for mitochondrial homeostasis. Mitochondrial fusion, which probably involves the mitofusin FZO-1, can occur in the absence of CED-9. Similarly, mitochondrial fission, which involves DRP-1 can also occur in the absence of CED-9. This and other studies (Delivani et al., 2006; Jagasia et al., 2005) , however, suggest that CED-9 may play a role in potentiating the activities of both DRP-1 and FZO-1. Additionally, CED-9 may itself be regulated by the mitochondrial fission protein DRP-1. If true, regulation of CED-9 by DRP-1 would provide a mechanism for cross-regulation between the mitochondrial fission and fusion machineries. Such a pathway would allow DRP-1 to promote mitochondrial fission both directly, and through downregulation of FZO-1 by way of inhibiting CED-9. CED-9 and mitochondrial homeostasis
Materials and Methods

Genetic methods and strains
C. elegans were cultured and maintained as described previously on modified Youngren's, only Bacto-peptone agar at 20°C (Tan et al., 2007) . The complete genotype for ced-9 gain of function is ced-9(n1950sd) (Hengartner and Horvitz, 1994a) ; for loss-of-function ced-9(lf) is ced-9(n2812lf), ced-3(n717lf) (Hengartner and Horvitz, 1994b) . The fzo-1(tm1133) deletion strain, a generous gift from S. Mitani (National Bioresource Project for the nematode, Japan), exhibited delayed growth, decreased brood sizes and uncoordinated locomotion.
Germline transformations were performed as described previously (Tan et al., 2007) . We generally injected constructs (ced-9 being approximately 7.1 kb, drp-1 being approximately 8.4 kb) at 16.7 μg/ml, along with the pSAK4 plasmid (7.0 kb) containing the mitoGFP marker at 15.6 μg/ml, and the pRF4 plasmid (7.3 kb) containing the rol-6(su1006) gene at 109.4 μg/ml as the co-injection marker. For injection mixes with both ced-9 and drp-1 constructs, the amount of pRF4 was adjusted to maintain a constant DNA concentration. Transgenic lines expressing a variety of constructs had growth rates, brood sizes and locomotion similar to control transgenic lines expressing only mitoGFP and rol-6 markers.
Plasmid constructs
During previous experiments in which we studied a CED-9 construct with GFP at the N terminus (Tan et al., 2007) , we occasionally noticed subtle alterations in mitochondrial morphology. Therefore, we created transgenic lines expressing CED-9 without GFP at the N terminus. These lines expressed CED-9 at higher levels than GFP::CED-9 when compared by western blot analysis (data not shown).
The myo-3::ced-9 plasmid was constructed by removing gfp from the myo-3::gfp::ced-9 plasmid previously described (Tan et al., 2007) . All other ced-9 variants were constructed in a similar fashion. The myo-3::drp-1(K40A) plasmid was a generous gift from A. van der Bliek (UCLA, Los Angeles, CA). Standard site-directed mutagenesis was performed to revert this plasmid back to a wild-type copy of drp-1. The DNA sequences of all coding regions amplified by PCR were determined to ensure that no point mutations were introduced by PCR.
Recombinant CED-9 was bacterially expressed using a pHis-Gβ1 fusion construct (pFT30.31), which was made by PCR amplification of ced-9 from the pB30 cDNA clone, kindly provided by Bob Horvitz (MIT, Boston, MA). A 753 nt PCR product lacking the transmembrane domain (residues 252-280) was cloned into the pHis-Gβ1 vector (Amezcua et al., 2002) . This vector provides an N-terminal 6xHis tag, the β1 domain from streptococcal protein G, and a recognition site for cleavage by TEV protease. Cleavage by 6xHis-TEV protease results in CED-9ΔTM with the amino acid sequence GEF at the N terminus as a cloning artifact.
Light microscopy and image analysis
To image body wall muscle cells, young adult animals were anesthetized in 0.5% 1-phenoxy-2-propanol for ~25 minutes, and then mounted onto a microscope slide containing a 4% agarose pad. Images were taken on an Olympus BX51 microscope using an Olympus UPlanFl 100ϫ 1.30 NA oil immersion objective and equipped with an Optronics MagnaFire camera. Images were rotated at most once, cropped, and rescaled without resampling. Imaging of mitochondria in body wall muscle by confocal microscopy revealed that these mitochondria generally lie in a 3-4 μm thick layer; analysis of the various phenotypes revealed little difference between confocal and widefield fluorescence microscopy.
The number of GFP-positive body wall muscle cells, as well as the intensity of GFP expression varied from animal to animal; variation in expression did not appear to correlate with altered morphology (data not shown). In addition, mitochondria from animals with increased CED-9 expression may be less efficient in protein import, since mitoGFP often appeared diffuse throughout the cell. Therefore, only GFPpositive body wall muscle cells with discernable mitochondria were examined; cells where GFP was found to be too diffuse in fluorescence to the point of not being able to discern mitochondria were not scored. In general, anywhere from one to five GFPpositive cells per animals were suitable for imaging.
Individual body wall muscle cells were examined by eye and categorized on the overall mitochondrial morphology: 'fragmented' if more than half of the mitochondria by area had a length:width ratio <2; 'interconnected' if any of the mitochondria were dilated or had thin tubules interconnecting them (often crossing multiple parallel rows); or 'tubular' if otherwise.
Analysis of mitochondria lengths was performed using ImageJ v1.39p. Individual mitochondria were identified using an adaptive thresholding algorithm (median, radius = 4.0 pixels). The major axis fit for an individual particle by the built-in Analyze Particles routine was interpreted as the length of an individual mitochondrion. Manual inspection of processed images revealed that this mitochondria identification procedure had an accuracy of approximately 85%. In general, this procedure had a tendency to break longer mitochondria into shorter fragments. The results from a hand measurement of a small sample resulted in comparable results. A double-blind test where participants visually scored mitochondria lengths also concluded that there was no significant difference between ced-9(+) and ced-9(n2812lf); ced-3(n717lf) animals.
Electron microscopy
In preparation for fixation, young adult animals were anesthetized in 0.5% 1-phenoxy-2-propanol for ~25 minutes and then bisected. Animals were fixed overnight at 4°C with 3.0% paraformaldehyde, 1.5% glutaraldehyde in 0.1 M sodium cacodylate pH 7.4, 2.5% sucrose, supplemented with 1.0 mM MgCl 2 and 0.5 mM CaCl 2 . These samples were post-fixed with Palade's OsO 4 , stained overnight with Kellenberger uranyl acetate, dehydrated in graded ethanols and propylene oxide, and embedded in Spurr's resin. Sections were examined on either a Philips EM 410 or FEI Tecnai 12 Twin, and images were collected using a Soft Imaging System Megaview III digital camera. We note that because of the sickness of fzo-1(tm1133) animals, the staging as young adults may not be precise.
Statistical analysis
Statistical data are presented as the mean proportion ± standard error. As the number of cells imaged and analyzed typically varied for each independently generated transgenic line, a weighted mean was calculated for each construct to allow comparison between constructs. In general, the proportion for each line of a given construct was not significantly different when compared with other lines of the same construct; a notable exception is with +CED-9(G169E), as discussed in Results. When comparing the mean proportion between constructs, z scores were calculated for the difference between proportions. Raw data for each line is given in Table S1 in the supplementary material.
Protein expression and purification
pHis-Gβ1-CED-9ΔTM fusion protein was expressed and purified from Escherichia coli Rosetta cells (Novagen) in LB medium containing 50 μg/ml carbenicillin and 34 μg/ml chloramphenicol. Cells were grown at 37°C to an OD 600 of ~0.2 while shaking at 300 r.p.m., chilled to 18°C until OD 600 0.6-0.8, and induced by addition of 0.5 mM IPTG for 12-16 hours. The resulting cells were collected by centrifugation and resuspended in buffer A (20 mM Tris, 0.5 mM NaCl, 1 mM DTT at pH 8.0) containing protease inhibitors (Complete, EDTA-free Protease Inhibitor Cocktail Tablets; Roche Applied Science), lysed by three passes through an EmulsiFlex C3 (Avestin, Ottawa, Canada), supplemented with 2 mM MgCl 2 and treated with 1 μg/ml DNase I (Sigma), and clarified at 30,000 r.c.f. for 45 minutes at 4°C. The fusion protein in the resulting supernatant was bound to a Ni 2+ chelating column (Ni Sepharose 6 Fast Flow; Amersham) and eluted with imidazole. Concurrent with dialysis into buffer A, the desired CED-9 construct was obtained by cleavage with recombinant 6xHis-TEV protease (1:100 molar ratio) for 4 hours at 23°C. The reaction mixture was loaded onto the Ni 2+ chelating column, and the flow-through containing CED-9ΔTM was collected and concentrated. The concentrate was further purified over a HiLoad 16/60 Superdex 75 gel filtration column (Amersham), quantified using UV absorbance (ε 280 =30,680 M/cm in 6 M GuHCl), and judged to be >95% pure by Coomassie-Blue-stained gel electrophoresis. The final protein stock was stored at a concentration of 40 μM in 20 mM Tris (pH 8.0), 150 mM NaCl, 1 mM DTT, and 1 mM EDTA at 4°C until used.
Human DRP1 with a calmodulin-binding peptide (CBP) at the N terminus was expressed and purified as previously described (Zhu et al., 2004) . The final protein stock was stored at 23 μM in 20 mM Tris (pH 7.4), 150 mM NaCl, 10 mM EDTA, flash frozen in liquid nitrogen, and stored at -80°C until used.
GTPase assay
A continuous GTPase assay was used whereby the rate of GTP hydrolysis was determined through coupling to a GTP regeneration system (Ingerman et al., 2005) . The activity of 2.5 μM human DRP1 was assayed in 200 μl of GTPase reaction buffer (final 200 mM NaCl, 600 μM NADH, 1 mM GTP). Modulation of GTPase activity was assayed on a Molecular Devices SpectraMAX 250 at 23.5°C by the addition of BSA (Sigma P5369), CED-9, or buffer control.
